In the present study, the synergic effects of cementitious materials in the ternary binder containing cement, silica fume, fly ash on the workability and compressive strength were evaluated by using the D-optimal design of Design-Expert 7. The ternary binder composed of 65 vol.-% cement, 15 vol.-% SF and 20 vol.-% FA at the W/Fv ratio of 0.50 is the optimum mixture proportions for the highest compressive strength of the UHPC. To produce the sustainable UHPC, high-volume fly ash ultra high performance concrete with a good flowability and 28-d compressive strength over 130 MPa can be produced with fly ash content up to 30 vol.-% in the binder.
Introduction
Ultra-high performance concrete (UHPC) is a new type of concrete being researched and used in many constructions [1, 2] . UHPC possesses good flowability, 28-d compressive strength over 130 MPa at the normal curing condition, very low porosity and high durability [3, 4] . To obtain these outstanding properties, UHPC commonly consists of a low water to binder ratio, high amount of Portland cement, silica fume (SF) and superplasticizer (SP) [3] [4] [5] . With high content of Portland cement and silica fume, UHPC is not only very expensive compared with normal and high performance concrete but also not environmentally friendly. In order to develop more sustainable and eco-efficient UHPC, various pozzolanic materials have been used as partial cement replacement in UHPC [6] [7] [8] .
Silica fume is commonly pozzolanic material used in UHPC. It plays three main functions: 1) to fill the voids between particles to achieve a high packing density; 2) to improve the rheological properties by lubrication effects resulting from small and perfect spherical particles; and 3) to produce secondary hydration products by consumption of portlandite (the pozzolanic reaction). Hence, SF strongly influences properties of concrete [9] [10] [11] . In a Portland cement concrete with water cement ratio of 0.5, about 18.3% SF, referred to the weight of cement, is enough to totally consume Ca(OH) 2 that is released from cement hydration [12] . However, the optimal SF content of UHPC is normally about 20-30 wt.-% of cement to improve the filler effect [13] [14] [15] . However, the high price of SF makes it as a non-desired material in producing UHPC. The other pozzolanic materials such as fly ash (FA), available in huge volume as a waste material with low cost and environmental problem can be used in UHPC [8, 16, 17] . When FA partially replaces Portland cement, the workability of the UHPC increases but its compressive strength decreases. When quartz powder is completely replaced by FA, the workability of the UHPC dramatically decreases with coarse FA and is constant with finer ones. The mixture containing fine FA to partially replace SF needs higher SP dosage and possesses slower compressive strength development in water at 20˚C compared to the mixture containing SF.
The present study investigates synergic effects of SF and FA partially replacing cement on workability and compressive strength of UHPC at the ages of 3 and 28 days by using statistical analysis of the Design-Expert software. With the purpose of using FA as much as possible, workability and compressive strength of UHPC containing different FA and water contents were also studied in this study.
Materials and methods

Materials
Cementitious materials used in this study were ordinary Portland cement, fine fly ash (FA) and undensified powder of SF. Quartz sand was utilized as aggregate. Chemical compositions and physical properties of the materials are given in Table 1 and Table 2 . Superplasticizer was a polycarboxylate ether type. Table 3 . The paste volume is 57 vol.-% of UHPC. W/Fv is the volume of water to the volume of fine materials (cementitious materials) ratio. The pozzolanic admixtures partially replace cement in volume. Superplasticizer (SP) dosage is 1.1% in solid content of cementitious materials.
UHPC was mixed with a total mixing time of 13 minutes based on the sequence shown in Fig. 1 . Mini-cone slump flow of UHPC mixtures was determined 12 minutes after water addition. The slump 52 An, V. V. T. / Journal of Science and Technology in Civil Engineering UHPC was mixed with a total mixing time of 13 minutes based on the sequence shown in Fig. 1 . Mini-cone slump flow of UHPC mixtures was determined 12 minutes after water addition. The slump flow values were measured after further 2 minutes without stroking. Samples 50 x 50 x 50 mm 3 were formed without vibration, kept in moulds at 27°C, 95% relative humidity (RH) for 24h and followed by storing at 27°C, 100% RH until examination.
Compressive strength of samples was tested in accordance with ASTM C109. 
Mixture design model
Concrete is a multivariate system and normally needs more than one important objective function. The classical method for optimizing mixture proportions is trial and error, or changing one ingredient and studying the effect of the ingredient on the response. It will be inefficient and costly. More importantly, they may not provide the economical mixture. Standard response surface designs, such as factorial designs or central composite design can use for optimizing concrete mixture in which the n mixture components have to be reduced to n − 1 independent factors by taking the ratio of two components [18] . However, changing the proportion of one ingredient immediately influences the proportion of the others because the mix proportions are limited to sum to 100%. Hence, different method is required for choosing appropriate experimental design and analyzing final results for all dependent variables of mixture. The mixture models are appropriate for these problems [18, 19] . Therefore, the mixture model with D-optimal design of Design-Expert 7 software was used in this study to evaluate the synergic effects of SF, FA and cement on workability and compressive strength at the ages of 3 and 28 days of UHPC.
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Design of D-optimal for the mixture model
Three cementitious materials: cement, SF and FA in volume content as mixture components of binder of UHPC. The three binder components are designated as A, B, C, respectively. The predicted responses, namely flowability and compressive strength at the ages of 3 and 28 days are designated as R1, R2 and R3, respectively. All the other components of UHPC, mixing procedure, casting, treatment, and test methods were kept in constant for all mixtures. Based on preliminary tests, the range of the binder components was chosen:
A + B + C = 100% 47.5% ≤ A ≤ 82.5% 7.5% ≤ B ≤ 22.5%
10% ≤ C ≤ 30%
The D-optimal design was chosen and assumed that a mixture quadratic model should be satisfactory to represent the effect of the mixture components on the predicted responses. The complete mixture quadratic model is in Eq (1).
where β1, β2, β3 are linear coefficients; β12, β13, β23 are cross product coefficients
The designing experiments produced by the Design-Expert 7 are shown in Fig. 2 . and Table 4 . They are the actual mixture components. The complete model has 16 runs including 11 runs at different contents of the binder and 5 replicated runs to provide an estimate of error. The W/Fv ratio of 0.55 was used in 16 mixtures to make sure all the mixtures having sufficient flowability. The typical mix proportions of mixtures can be found in Table 3 .
Experimental results of mini-cone flow (R1) and compressive strength at the age of 3 days (R2) and 28 days (R3) of 16 mixtures are also given in Table 4 . 
(1) Three cementitious materials: cement, SF and FA in volume content as mixture components of binder of UHPC. The three binder components are designated as A, B, C, respectively. The predicted responses, namely flowability and compressive strength at the ages of 3 and 28 days are designated as R 1 , R 2 and R 3 , respectively. All the other components of UHPC, mixing procedure, casting, treatment, and test methods were kept in constant for all mixtures. Based on preliminary tests, the range of the binder components was chosen:
The D-optimal design was chosen and assumed that a mixture quadratic model should be satisfactory to represent the effect of the mixture components on the predicted responses. The complete mixture quadratic model is in Eq. (1).
where β 1 , β 2 , β 3 are linear coefficients; β 12 , β 13 , β 23 are cross product coefficients. The designing experiments produced by the Design-Expert 7 are shown in Fig. 2 and Table 4 . They are the actual mixture components. The complete model has 16 runs including 11 runs at different contents of the binder and 5 replicated runs to provide an estimate of error. The W/Fv ratio of 0.55 was used in 16 mixtures to make sure all the mixtures having sufficient flowability. The typical mix proportions of mixtures can be found in Table 3 . Experimental results of mini-cone flow (R 1 ) and compressive strength at the age of 3 days (R 2 ) and 28 days (R 3 ) of 16 mixtures are also given in Table 4 .
Statistical analysis
The 16 designed mixtures of UHPC in Fig. 2 and Table 4 The adequacy of the complete regression models (Eqs. (2), (3) and (4)) is assessed by using some standards. Firstly, the analysis of variance (ANOVA) is used to check the significance of the models. All of the models are significant. Their lacks of fit are not significant (Table 5 , 6 and 7). The adjusted R-squared and the predicted R-squared of the responses are suitable. Hence, these models are adequate. Some of the coefficients in the complete models (Eqs. (2), (3) and (4)) are insignificant and could be eliminated. In this case, there is no advantage to the reduced models because the adjusted R-squared is only slightly changed. Moreover, the interactions should not be removed in the mixture model, especially with the mixture quadratic model [18, 19] . Therefore, the complete models in the Eqs. (2), (3) and (4) should be used for further navigations. 
Influence of cementitious materials on the flowability of UHPC
To interpret the influence of the cementitious materials on the mini-cone slump flow of UHPC, 3D response surface and contour plots of the flowability response in dependence of cement, SF and FA contents have been plot in Fig. 3 .
Results in Fig. 3 show that increasing the FA content improves the workability of UHPC at all levels of SF. At the low FA contents, the flowability of UHPC strongly increases when SF content increases. But at the higher contents of FA, the flowability of UHPC increases initially and then decreases when the SF content increases. Therefore, with the aim to obtain the maximum slump flow of UHPC, it needs adjusting the variables to a high content of FA with an optimum content of SF (Fig. 3 ). The results in Fig. 4 illustrate that at the low content of FA, i.e C=10%, the compressive strength at the age of 3 days of UHPC increases when the content of SF increases. Meanwhile, at the SF content of 7,5%, the 3-d strength of UHPC initially increases and then decreases during the increase of the content of FA. But at high contents of SF or FA, the increase of the other mineral admixture will induce low 3-d compressive strength of UHPC (Fig. 4) .
3D response surface and contour plots of the 28-day compressive strength response in Fig. 5 show that at any content of FA, compressive strength of UHPC initially increases and then decreases when the content of SF increases. And at any content of SF, there is an optimized content of FA which enables UHPC containing SF to obtain the highest compressive strength at the age of 28 days. It means that the highest compressive strength comes from a ternary binder composed of cement, SF and FA (Fig. 5) .
Optimization of mix proportions of UHPC containing SF and FA
The optimization tool of the Design-Expert 7 software is inducted to find the optimal proportions of UHPC containing SF and FA. The input criteria are present in Table 8 . The program offers some solutions. The best solution is chosen in terms of the highest compressive strength ( Table 8 ).
The results of the slump flow, compressive strength of the experimental mixture and Design-Expert's mixture in Table 8 are similar. Thus, UHPC with the binder containing 15 vol.-% SF and 20 vol.-% FA is selected as the optimal mix proportions. The results in Fig. 4 illustrate that at the low content of FA, i.e C = 10%, the compressive strength at the age of 3 days of UHPC increases when the content of SF increases. Meanwhile, at the SF content of 7,5%, the 3-d strength of UHPC initially increases and then decreases during the increase of the content of FA. But at high contents of SF or FA, the increase of the other mineral admixture will induce low 3-d compressive strength of UHPC (Fig. 4) .
The optimization tool of the Design-Expert 7 software is inducted to find the optimal proportions of UHPC containing SF and FA. The input criteria are present in Table 8 . The program offers some solutions. The best solution is chosen in terms of the highest compressive strength ( Table 8) .
The results of the slump flow, compressive strength of the experimental mixture and DesignExpert's mixture in Table 8 are similar. Thus, UHPC with the binder containing 15 vol.-% SF and 20 vol.-% FA is selected as the optimal mix proportions. 
High-volume fly ash UHPC
The compressive strength at the age of 28 days of the selected UHPC in section 3.3 is still lower than 130 MPa. This mixture has a W/Fv of 0.55 with very high mini-cone slump flow. With the purpose of producing UHPC containing high volume of FA, workability and compressive strength of UHPC containing 15% SF with different contents of FA and W/Fv ratios are shown in Table 9 and Fig. 6 .
The results in Table 9 and Fig. 6(a) , (b), (c) show that at the same water content, the more the FA content, the higher the flowability and the lower the compressive strength at the ages of 3 and 7 days. At the W/Fv ratios of 0.55 and 0.50, UHPC possesses the highest 28-d compressive strength at the FA content of 20%. Meanwhile, the 28-d strength of mixture with the W/Fv ratio of 0.45 still increases when the FA content increases (Table 9 and Fig. 6(d) ). Normally, when the water content decreases, the workability of the mixture reduces. The flowability of the mixtures dramatically decreases at the W/Fv ratio of 0.45. With the same cementitious content, UHPC has the maximum strength at Table 9 and Fig. 6 . The results in Table 9 and Fig. 6a , b, c show that at the same water content, the more the FA content, the higher the flowability and the lower the compressive strength at the ages of 3 and 7 days. At the W/Fv ratios of 0.55 and 0.50, UHPC posseses the highest 28-d compressive strength at the FA content of 20%. Meanwhile, the 28-d strength of mixture with the W/Fv ratio of 0.45 still increases when the FA content increases (Table 9 and Fig. 6d 
Conclusions
The following conclusions can be drawn from the results of this study: -The mixture models of flowability and compressive strength of UHPC with the binder containing three mixture components of cement, fly ash and silica fume using D-optimal design of Design-Expert 7 fitted well with the experimental data. It can be analyzed the influence of the variables on the workability and compressive strength of UHPC by using 3D response surface and contour plots.
-Fly ash improves flowability and reduces compressive strength of UHPC at the early age of 3 days. At the age of 28 days, the ternary binder composed of 65 vol.-% cement, 15 vol.-% SF and 20 vol.-% FA at the W/Fv ratio of 0.50 is the optimum mixture proportions for the highest compressive strength of the UHPC in this study.
-With the purpose of using as much as FA in UHPC, high-volume fly ash ultra high performance concrete with a good flowability and 28-d compressive strength over 130 MPa can be produced with fly ash content up to 30 vol.-% in the binder.
